REPORT FHWA/NY/RR-85/129 


Load Capacity of a Jack-Arch Bridge 


DAVID B. BEAL 


TE 

24 

.N7 
R47 
no.129 
G. 2 


"mg 


LIBRARY 

N.Y.S. Dept. of Transportation 
Engineering R&D Bureau 
State Campus, Bidg. 7A/600 
4220 Washingion Avenue 


ys Se . REN 4VOQNHD 
be oy ey EY + 
oT in? ¥ t P vw, 
Aiba! f q¢ PNT iifwWL. 


RESEARCH REPORT 129 


ENGINEERING RESEARCH AND DEVELOPMENT BUREAU 
NEW YORK STATE DEPARTMENT OF TRANSPORTATION 


Mario M. Cuomo, Governor/Franklin E. White, Commissioner 


STATE OF NEW YORK 


Mario M. Cuomo, Governor 
DEPARTMENT OF TRANSPORTATION 


Franklin E. White, Commissioner 

Charles E. Carlson, Deputy Commissioner for Departmental Operations 
John.H. Shafer, Assistant Commissioner for Engineering and Chief Engineer 
Lyndon H. Moore, Deputy Chief Engineer, Technical Services Division 
William C. Burnett, Director of Engineering Research and Development 


The Engineering Research and Development Bureau conducts and manages the engineering research program of the 
New York State Department of Transportation. The Federal Highway Administration provides financial and 
technical assistance for these research activities, including review and approval of publications. 


Contents of research publications are reviewed by the Bureau’s Director, Assistant Director, and the appropriate 
section head. However, these publications primarily reflect the views of their authors, who are responsible for 
correct use of brand names and for the accuracy, analysis, and inferences drawn from the data. 


It is the intent of the New York State Department of Transportation and the Federal Highway Administration that 
research publications not be used for promotional purposes. This publication does not endorse or approve any 
commercial product even though trade names may be cited, does not necessarily reflect official views or policies of 
either agency, and does not constitute a standard, specification. or requiation. 


TE 24 .N7 R47 no.129 c. 2 
ENGINEERING RESEARCH PUBLICATIONS Beal, David B. 


A. D. Emerich, Editor Load capacity of jack arch 


Donna L. Noonan, Graphics and Production bridges /iD S72 oy Pie 


Patricia A. Onderdonk and Debra A. Drobish, Copy Preparation 


LOAD CAPACITY OF JACK ARCH BRIDGES 


David B. Beal, Civil Engineer III (Physical Research) 


Final Report on Research Project 156-2 
Conducted in Cooperation With 

The U.S. Department of Transportation 
Federal Highway Administration 


Research Report 129 
December 1985 


ENGINEERING RESEARCH AND DEVELOPMENT BUREAU 
New York State Department of Transportation 
State Campus, Albany, New York 12232 

















. “- _ © “~ i “re 
a ~~ “i . is i 
F : at . AD y a " 
. i ey ; m: ; a 
rg a < px > 6 
o eae 
Rr 
= i 
pl 
i 
i 
b/ a rye fate vi ea Ale 
} a 7 De a 
= 
(iosansad Loytevet) 2ot seonta tras shal, A i cate 


r 


Side! ‘aaa ubniiiok te ana ip 
voiW ootheveqes) at betouhaa: oe 
robrijagaeied?: Yo Mise ringed | oe, iz ae 
octjandetedebA nT te ee ee ane yak 


CSL sroged doxeunall yi mea Soot 
cael eae ON EDL ame Re 


Ws mi es ay YORK : cue ;, rn wd : ep ' i) ie ~) ; in . 


: a A a At er Ks ? ' 7 
tycth Vo lee evonnar a F sal ae D er .« Ag, , * 
CRAIN OM TRANRPONTATION Meme oe) rare ap bath are. 
bat : i Di at F a : - oo b a 
i 3 i 


Mean ye te % ‘ahd ORI, De le aoe 
ehieto 1) Ghalipuser,. Seyaatny a iad aramprriagn spe Hye Hae PPM Ay. 
. Niles Po ilsaifiee, Mine Soin cited aaah ig Mets Exper - ihe sa in Ge 
Lyrics 4. Mote, Sept aioe, tale Phvioren: Rete ak sat 
Weiltinn <. ents, ne 9 








| hae ieinmmesing mas + alee pote " 
Now vent: Bie ist: | W's 





| eens ape 


Pe ther at a a te tha * ager ab prvi re Ca ay 
ee rye a acne heel Me 


ee eh te ub Gre kee ie AG is 
e joao 2 ans 


i . nae > P ales ied Ry ty “ai Past ¢ er Se ~~ 











id ; 
Ml ote sis: 





wiccinene, nea aes a 


i 


TECHNICAL REPORT STANDARD TITLE PAGE 


- Report No. 2. Government Accession No. 3. Recipient's Catalog No. 


FHWA/NY/RR-85/129 


. Title and Subtitle 5. Report Date 


LOAD CAPACITY OF JACK-ARCH BRIDGES December 1985 


6. Performing Organization Code 








re Author's) 8. Performing Organization Report No. 
David B. Beal Research Report 129 









. Performing Organization Name and Address 10. Work Unit No. 


Engineering Research and Development Bureau 


New York State Department of Transportation 
State Campus, Albany, New York 12232 





11. Contract or Grant No. 
HPR FCP 45K2-024 
13. Type of Report and Period Covered 


12. Sponsoring Agency Name and Address Final R 
; eport 
Offices of Research, Development, and Technology P 


HRD-10 Federal Highway Administration 
U.S. Department of Transportation [Ae Spenserina mgeaeyncede 
Washington, DC 20590 


. Supplementary Notes 





Research Project 156-2 


Prepared in cooperation with the U.S. Department of Transportation, Federal High- 
way Administration. Study Title: Load Rating of Jack-Arch Bridges. 


16. Abstract 
A 76-year-old jack-arch bridge was tested to failure to obtain information on load 


capacity and the degree of composite action between the steel beams and concrete deck 
This work was started because despite the good condition of the majority of the 1300 
jack-arch bridges in New York, load-rating estimates indicate that they are inade- 
quate to support modern highway traffic. The most likely explanation for the observed 
performance of these bridges is that they are resisting loads in ways not considered 
in design or load-rating calculations. Although these bridges have no mechanical 
shear-transfer devices to assure composite action, it was suspected that chemical 
bond and friction were sufficient to provide the observed enhancement in load capa- 
city. The 39-ft-span test structure consisted of six 24-in. deep I-beams spaced at 
36 in. Instrumentation consisted of slectrical-resistance strain gages on both flan- 
ges at midspan, end-rotation measurements devices at the ends of two beams, and de- 
flectometers at midspan. The bridge was loaded to produce a 6-ft region of constant 


moment at the center of the span. Loads were applied through hydraulic jacks react- 
ing against grouted anchors beneath the structure. Based on the results of this test 
and an earlier test of a similar structure, it is concluded that full composite actio 
may be assumed in load-rating estimates of jack-arch bridges. Although significant 
restraint of end rotation was also observed in both tests, a generalization of this 
restraint to other structures is not possible. 


17. Key Words 18. Distribution Statement 

jack-arch bridges, destructive testing, No restrictions. This document is avail- 

loading tests, load rating able to the public through the National 
Technical Information Service, Springfield, 
VA 22161. 


19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 
Unclassified Unclassified v + 34 


Form DOT F 1700.7 (8-69) iii 






































9 — —s ” 

3 SS = as £ “ARTOLVELD “ON BGOIMED AS 'GZ'Z$ AINIg ‘SauNSeay puke sIybiany yo sur 
= == — £ ORT ANd “ISHN SEN AAS ‘SAIQRI pel'Rlap a1OlU pub SUOISIAAUOD 19e¥a JAYIO 104 = WL. 
re . <= = 
a ge (ze 

= = = aunyesadwa)y 6Bunosenqns aunjesadwa) 
e a a snisja9 sae) 6/S wayuasye4 43 
ainjesadway (Ze ppe aimesodway = ae 
layuasye4 uay)) S/ snmisja9 if > == = ES 
4, 6 = = (s9ex2) JUNLVHIdW3L 
(19ex3) JUNIVHIdWIL a =: Beg os Sy Sialow 31900 9L°0 spaeA o1qno _PA 
= S el ssajaw 1qQNnd £0°0 yaay 91qQno cy 
S ss = | $13}t] g'£ suo) |e6 je6 
ePA spsed o1qno eb suajaw 219Nd ol = ad | $391)| S6'0 syenb yb 
oy 1994 D1qQnd GE suajaw J1qNnd Pog a =_ | sayy Lv°0 sjuid id 
1e6 suo} |e6 92°0 s1ayiy \ 2a == \ $1911) »z°0 sdno 9 
yb syenb 90°L ssa} ! = = o jw Ssayeypippiw of S8duUNO PIN} 20 |} 
id suid Zz $419}t] I @ = = ju St suoodsa)qe} dsqi 
z0 {|} saouno pin £0'°0 Ssprprpprw jw = ss jw Ssayrjippiw S suoodsea} ds} 
rs = = 
JIWNIOA =a = IWNIOA 
= =f =~ - (41 0002) 
= = 1 Sauu0} 60 Suo} 1404S 
° 6 sauuo) ) eS + 
a Cane . 7 a 64 =e oy eel sv'0 spared a 
z0 seouno s£0°0 swei6 6 =f = se 82 Se0Uno A 
-_ = - 
w& — — 
a a (syB1am) 
1ybiam) SSYW id = = ” SSVI 
2 — aes ey saseyoay v0 seu9e 
fe = | Soe 24 $19}@W0}14 asenbs 9°2 sojiw esenbs zu 
$0138, $2 (,4 000'01) saze19a4 =o = = an zu $19}0w e1enbs 8°0 spieA eienbs 2PA 
zi sajiw asenbs v'0 $19}9W0)14 e1enbs ghey = Ore yu siaj}ew asenbs 60°0 3894 osenbs 4 
zPA spied asenbs aa suejyew esenbs zu = = —— wo $19}2W1,Ua9 asenbs S°9 seyour esenbs zu 
zu seyour aenbs 9L‘0 $139}eW1}Uad asenbs wo = aa wo 
a = ae VIHV 
vauv = = 
a =e = wy $491 9W0} 14 QL sojiw w 
= <3 ‘ spaeA A 
tw sojiw 9'0 SJO,RWO} IH wy = Bo at “a Sige 6°0 P Pp 
A spied tL ssa}ew w we ~~ = he Las aS Sagtounue? oe y29} 4 
. art be suajaw w = = ty sieiomes Se. tou re 
yu — a 
ul sayoul vo $19}9wW1I}Uad wo = = = y 
ul sayour 700 Sid owl) | iw UAL = w= ~ 
nN —_ bot 
o — = 
a —_ co 
HLONII =o. 2 
i) = ae — 
= JoquwiAs pug oy Aq Ajdninw mouy MOA UeYM joquAs 
joquiiAs pury of Aq Ajdujnw MOUY NO, USUM joqwAs = = — 
i) = = 
SOJNSEOW, INOW wos) SUOIsianuOD speuxoiddy 2 —= ie SOINSBAW I}2WW 0} SUOISIaAUOD ayeWIxoIddy 


SHOLIVI NOISHIJANOD JIVLIW 


CONTENTS 


Pere N TROD CL LUreRCeT eile ee ar) ca) ie! os eeeto hm a ow 
A e Background e e e e e e s e e e e e 
pS oy FE ES a ak ak 9 at Og Reg ia 
C. Test Procedure and Instrumentation 


Pe Ri Udo AE AGO LON eae te oe os 


Ase OSC RSE Beir adl aia) b)48) Lap 0) %.) 0) ele 
BA es PRE es gl Eg fein bey) es 


BEt CAPPLIUATION IO SLOAD RATING 2. co. 

Pre SCONCLG EO MRM oe ete hn chips 
ORNOWLEDGMENTS ROME ee gst 
BEPERENCES: 0 TURE co nie hao ese “ue 
APPENDICES 


A. Measured Flange Strains 
B. Data Analysis Procedures 


LOT 


ras 


ra 


. \ te \ a, v's 
pri ay ee at 
i i 
aw ee 
j ba a 


te Fed 


‘4 Meszeces 










’ 
4 « ‘ ns r * * ou & a. ‘ i” ty : path, 4 
, '@ i = * ee 
Ge 38), ee bahay pe spool | 
abaade t a) 
Fs ; 
dl ‘ ° , ® ’ , . ‘ . » & ’.* * 
? , > ‘ * * 4 ‘. . ® Ak Bees * (© . ae * 
ef é * ¥ ad . al * * | oe . 
be ie 45 Py wet, 
4 1 
* . ° * . ° ® y ’ 
‘ ve 
ws 3¥ i“ 7 j a, f 5 
. . ’ ‘ * ae 4 * ¢ * i t +) ye 
; " 
7 Tn pa a i o 
fe Hts : AP ops ahh 7 EA te # aes ee f 
oe 7 ° - * ‘ os « % oe) el edt ‘ n . ‘ * rei : Ton e* vir. 
. rumen ar ‘ ane ng ta a i 
pees Peo Pee yes | | i pt fae ry vy ry 
im v4 , ¢ ’ meat . » 
ah ‘ a ah.a * #4 ia > , + Ok nal eee, we ‘T oe ay ‘aaa 
b a t : ae 7 ae } y J wie ve a a r 


I. INTRODUCTION 


A. Background 


Jack-arch bridges are a small but important component of New York State’s 
highway bridge population. Over 1300 of these bridges, constructed between 
1920 and 1940, are currently in service on state and local highway systems. 
These normally short-span bridges were constructed with steel beams encased in 
concrete. Curved sheets of corrugated metal, supported on the lower flanges 
of the beams, were used to form the concrete, producing the "arches." In some 
structures the lower flange of the beam was also encased in concrete in a 
separate pour, but this detail is not inherent to the structural form. 


In many cases present load capacity of jack-arch bridges is estimated to be 
less than required to support modern traffic. This deficiency is not unex- 
pected because the design live load was only 20 tons, in contrast to the 
40-ton trucks that are now legal. In addition, frequent pavement overlays 
have increased the dead load to a level leaving many structures with little 
apparent remaining capacity to resist traffic. The difficulty of determining 
condition of the concrete-encased steel member increases the conservatism of 
the load rating, and thus contributes to low estimates of load capacity. 


Despite these apparently justified low load-capacity estimates for jack-arch 
bridges, many are in good condition and are carrying modern highway loads 
without distress after many years of service. The most likely explanation for 
the observed performance of these bridges is that they are resisting loads in 
ways that were not anticipated during design, and which are not now considered 
in load-rating calculations. At the time jack-arch bridges were being de- 
signed, for example, composite action (the steel and concrete participating 
together in resisting traffic loads and dead loads other than the concrete 
itself) was not considered. In general, it was not until the 1950s that com- 
posite behavior was included in bridge design calculations. Bridges do not 
behave compositely just because the designer decides to include such behavior 
in calculations. In modern construction, a mechanical connection is required 
between the concrete and steel before composite action can be assumed. Jack- 
arch bridges, of course, have no mechanical connections and thus cannot be 
assumed composite without experimental justification. 


Despite the lack of shear connectors, ample evidence exists that composite 
action is achieved in many structures. In a test of a truss-bridge floor 
system (1) the magnitude of the measured strains resulting from the applica- 
tion of the test load could be explained only by assuming composite behavior. 
Unintentional mechanical and chemical bond between the materials provides re- 
sistance to slip, and permits development of partial composite action at 
service loads. 


2 Jack-Arch Bridges 


It was recognized that if composite action is actually achieved in jack-arch 
bridges the increase in calculated load capacity would be sufficient, in the 
majority of cases, to remove all load restrictions. The purpose of the work 
described in this report was experimentally to determine the magnitude of 
composite action, if any, achieved in jack-arch bridges under service loads 
and under loading up to failure. 


In an earlier test (2) of a 47-ft span bridge at Indian Lake, New York, it was 
concluded, based on measurements of steel strain, deflection, and end rota- 
tion, that the full composite section was active in resisting live load. 
Nevertheless, because that structure was in good condition with no visible 
deterioration of the concrete, generalization of this result to all jack-arch 
bridges could not be supported. 


B. Test Structure 


The test structure reported here was a jack-arch bridge constructed before 
1915 to carry east-west traffic on State Route 217 over North Creek in the 
town of Mellenville in Columbia County, New York. The bridge’s cross-section 
(Fig. 1) consisted of nine, 24-in. deep beams spaced at 36 in. except in the 
north exterior bay which was 58-3/4 in. The span center-to-center of supports 
which are normal to the longitudinal axis of the bridge, was 39 ft. 


Condition of the bridge was poor at the time of testing. The general recom- 
mendation for the bridge, based on the May 1982 inspection, was 3. A condi- 
tion rating of 3 indicates serious deterioration on New York State’s scale 
running from 1 ("potentially hazardous") to 7 ("new condition"). The lower 
flanges of the steel beams, which had not been encased in concrete, showed 
section loss due to corrosion of up to 1/4 in. at midspan locations. An HS-20 
inventory rating of 4 tons was calculated for the interior beams based on 
reduced section properties and no composite action for the deteriorated en- 
casement concrete. 


To provide a symmetrical section for testing, longitudinal sawcuts were made 
(Fig. 1) to provide a six-beam cross-section. Original contract plans were 
unavailable for the bridge and it was necessary to determine properties of the 
steel beams from measurement on the exposed lower flanges. These measure- 
ments are shown in Figure 2. Beams 2, 4, and 5 showed only minor evidence of 
rust, and were taken as representative of the nominal flange dimensions. 
These dimensions, the 24-in. section depth, and the pre-1915 construction date 
identified the section as a 24-in. I section weighing 73.5 lb/ft, manufac- 
tured by Bethlehem Steel (3). Nominal dimensions for this section are also 
given in Figure 2. 


The deck was constructed in two pours. The first encased the beams and cov- 
ered the top flanges by 3-1/4 in. to give a structural deck with a minimum 
thickness of 5-1/4 in. at the crown of the arches between beams. A concrete 
wearing surface was placed over the structural deck, varying in thickness from 
8 in. at the center to 6-1/2 in. along the curb lines. Cores taken from the 
deck always broke into two pieces at the cold joint between the two pours. Of 
12 cores taken, only six tests could be performed. Three of these six speci- 


Figure 1. Cross-section of the test bridge. 
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Figure 2. Steel-beam cross-section with dimensions. 
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Figure 3. Gage locations. 






Top flange gages 
for failure test only 


mens, because of their short length, were sawed and tested as 4- by 4-in. 
cubes. The other three, ranging in height from 6.4 to 7.1 in. (5.65 in. diam) 
were tested as cylinders. All compression test values were factored to be 
representative of normal 6- by 12-in. cylinders. These tests yielded com- 
pressive strengths of 6610 psi (average of two) for the structural deck and 
6140 psi (average of four) for the wearing surface. The strengths obtained 
varied considerably, ranging from 4670 to 7470 psi, with both extreme values 
from the wearing surface. 


Tension-test specimens were cut from the tension and compression flanges of 
each beam of the test bridge cross-section. Average yield stress of these 12 
specimens was 39.2 ksi, with a standard deviation of 3.5 ksi. 


C. Test Procedure and Instrumentation 


Response of the bridge to truckloads was determined before destructive test- 
ing was performed. Instrumentation for the live-load tests consisted of 
strain gages bonded to the tension flanges of each steel girder. All instru- 
mentation was placed at midspan. Pairs of 120-ohm tee-rosette strain gages 
with 1/4-in. gage lengths were welded to the tension flanges of each beam as 
shown in Figure 3, and wired together to form a Wheatstone bridge with longi- 
tudinal and transverse gages forming adjacent arms. The advantage of this 
arrangement is amplification of the strain signal by the factor 2 (1+v), where 
v is Poisson’s ratio. Amplification of live-load strains is desirable because 
for most structures the strain induced by legal highway loads is small, and 
thus difficult to measure reliably. This measurement setup requires that the 
strains result from a uniaxial stress field, and that differences in strains 
on opposite edges of the flange result from random rather than systematic 
causes. Both these conditions ordinarily exist in the lower flanges of steel 
bridge beams. 


The test truck had a gross weight of 44.6 kips with 32 kips on the rear axle. 
The wheelbase was 15 ft 2 in. Beam strain was recorded with the rear axle 
statically positioned at midspan in one of the five transverse locations shown 
in Figure 4. At least three replicates of each load position were performed. 
Beam deflections were not monitored during live-load testing. 


Figure 4. Live-load positions. 
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Figure 6. Rotation device. 





Abutment 


To minimize the possibility of longitudinal forces on the structure from abut- 
ment embankments the approach pavement was removed before the failure test. 
Instrumentation for this test was more elaborate than that for the live-load 
tests, consisting of strain, deflection, and beam-end-rotation measurements. 
Strain gages were mounted on the tension and compression flanges of each steel 
beam (Fig. 3). Concrete was excavated down to the compression flange to per- 
mit attachment of gages and the deck patched with concrete before testing. 
The gages were tee-rosettes monitored as a half-Wheatstone bridge to provide a 
strain measurement on each side of each flange. It would be inappropriate to 
wire the gages to form a Wheatstone bridge as was done for the live-load tests, 
because post-yield strains can diverge greatly and invalidate the average 
value indicated by the full bridge. 


Primary deflection measurements were obtained with deflectometers mounted at 
midspan of each girder. These devices consist of an aluminum cantilever beam 
fixed at one end to the object to be monitored and at the other end to a rigid 
support beneath the structure (Fig. 5). Displacement of the object induces 
strain in the cantilever beam which is sensed with electrical-resistance 
strain gages. The devices are calibrated to provide deflection measurements 
to the nearest 0.001 in., but values are reported to the nearest 0.01 in. to 
reflect the accuracy obtainable in the field. A Wilde N-3 level was used as a 
backup and to monitor the ends of the beams to detect any support movements 
during the test. 


Beam end rotations were monitored at both ends of Beams 2 and 5 with the de- 
vice shown in Figure 6. This device senses the angular change between the 
beam and the abutment rather than the absolute change in slope at the beam 
end. In addition to relative rotation, linear displacement of the abutment 
with respect to the beam can also be detrimental. The expected accuracy of 
this instrument is 0.0001 rad for rotation and 0.01 in. for displacement. 


Test loads were applied by jacking against two load-distribution beams, each 
restrained by four soil anchors. Jacking loads were applied to the structure 





2TOH “UTH 





(°* dA) wep ,,7 
yadeqg 3anoiyg ,0Z 
TA ~ » ANY YDB / MI (N1~> Wifi ff y 


yooy jo doy | 


sisptnog » *Teareiy 
‘pueg JO ,¢Z= 


(°d43) TS¥ OST 

| = 423u0z4S 22eUTITO 
ieg pepeeslyy 

wetp u8/E-T 





peaousy soe Jans i 
SuTiIeeM AlLeydsy 
(*d43) 


Ss Lean yooq 
eS | (@) y3no1yyL 

4 vy) 2TOH 
bud Y) 





wey 3UTJOy—eT qGnog 


\W, 


aed 
1] (°d43) TT99 peot 
L_| 


BuTqqT19 198qUT] 


SS 
Mh 











(°dAQ) *o7e SaeyseM 
SaqeTq {INN AOYoUy 


9 ne) 





uotqIeg 4sSe 


‘waysAs Builpeo7 ‘7 ainbi4 


8 Jack-Arch Bridges 


Table 1. Tension flange strain for live loads. 





Strainesiin./ in. 


Load Load Load Load Load 
Position Position Position Position Position 
Beam jt 2 3 4 5 
al 46 35 27 20 14 
2 47 45 Sie 28 20 
3 42 44 43 44 SW! 
4 36 43 43 44 48 
5 22 29 38 43 48 
6 19 PV 37 46 63 
Totaly) 212 225 22: aes 230 


Table 2. Average flange strain. 


Strain, pin./in. 
Line Beam 


Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6 
MioyYeun 1 Nep:Yol, | Se Se Se ee Se ee 

Run kips kips Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom 
1 0 0.0 0 0 0 0 0 0 0 0 0 0 0 0 
2 10 Mat mahi 35 15023 -4 22 -7 25 -7 23 -7 27 
3 39 6.5 -33 97 -59 102 -35 -120 -41 119 -44 104 -47 118 
4 70 5 ay =—71 221 -94 221 -75 427 -86 297 -85 241 -93 275 
5 -2 -0.2 5 abe -3 9 & 216 1,. 346 2 EGS GRATE h 
6 68 Tes -78 260 -106 252 -84 490 -96 338 -95 293 -97 327 
7h LOS 17.3. -120 446 -147 399 -131 933 -144 521 -140 508 -145 559 
8 13 22 -12 39 -19 42 -14 44 -20 48 -18 41 -15 41 
9 26 4.3 -20 73 -32 74 -28 86 -35 97 -30 78 -26 83 
10 39 6.5 -36 110 -52 112 -43 122 -47 132 -41 112 -40 122 
i? 52 8.7 =515 "151 -69 156 -54 175 -63 185 -59 160 -55 173 
12 65 10.8 -62 193 -81 197 -66 218 -76 236 -72 202 -70 222 
13 78 13.0 -73 232 -94 234 -76 261 -86 280 -83 240 -80 268 
14 91 ‘5.2 -87 277 -109 276 -92 310 -109 336 -103 289 -105 315 
in 108 T7235" (SI01" “sts =125' 317 -105 362 -120 384 -114 328 -115 366 
LEVAULI 19.0 -118 N/A -146 367 -123 N/A -139 440 -133 391 -134 425 
Lived 30 21.7. -130 N/A -162 419 -139 N/A -152 504 -148 513 -153 520 
18 143 23.8 <-147 N/A -185 488 -167 N/A -182 N/A -176 727 -170 630 
19 153 25.5 -168 N/A -211 545 -201 N/A -206 N/A -198 961 -196 722 
20. 163 27.2 -193 N/A -230 N/A -232 N/A -242 N/A -229 N/A -227 N/A 
yi ek!) 29.8  -204 N/A -236 N/A -280 N/A -274 N/A -278 N/A -292 N/A 
225 32.5 -241 N/A -274 N/A -332 N/A -332 N/A -338 N/A -364 N/A 
z3" 202 33.7. -268 N/A -303 N/A -378 N/A -372 N/A -371 N/A -414 N/A 
24 218 36.3 -309 N/A -335 N/A -428 N/A -433 N/A -445 N/A -493 N/A 
25.48231 38.5 -323 N/A -370 N/A -478 N/A -480 N/A -506 N/A -568 N/A 
26 8244 40.7. -367 N/A -422 N/A -547 N/A -562 N/A -609 N/A -676 N/A 
oT 254 42.3 -391 N/A -454 N/A -596 N/A -624 N/A -689 N/A -771 N/A 
28 267 44.5 3-434 N/A -520 N/A -676 N/A -764 N/A -835 N/A N/A N/A 
29 280 46.7 N/A N/A -633 N/A -804 N/A N/A N/A N/A N/A N/A N/A 
30 296 49.3 N/A N/A -795 N/A -962 N/A N/A N/A N/A N/A N/A N/A 
31 299 49.8 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
327.8299 49.8 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
33 20 363 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 


NOTE: Divergence of two flange gages unacceptably large; "N/A" indicates no average taken. 


through two transverse bearing-beams spaced at 6 ft and centered on the 
bridge’s midspan. Details of the loading system are shown in Figure 7. As 
detailed, the load system proved unstable and diagonal lacing members were 
added to tie the two distribution beams together. The hydraulic rams were 
operated from a single pump through a manifold. Loads were monitored with 
electrical load cells placed in series with the rams. 


II. RESULTS AND DISCUSSION 


A. Test Data 
Live Loads 


Measured tension-flange strains in micro-inches per inch for each beam and 
load position are given in Table 1. These values are averages of at least 
three replicates of the loading. The truck in these tests produced a 
theoretical simple-beam bending moment at the instrumented section of 
339.3 kip-ft, in contrast to the AASHTO HS 20 moment of 432.1 kip-ft for 
this span. Because the measurements were made with the same test vehicle, 
total moment in the cross-section is constant. The results show a trend 
toward increasing total strain as the load moves toward Beam 6. This 
trend may result from differences in individual beam section moduli or may 
be simply the result of random error. 


Failure Tests 


Average tension- and compression-flange strains for each beam and load 
increment are given in Table 2. These are strains due to the test load 
only. Total strain is the sum of these values and dead-load strain. When 
yielding occurs strains on opposite edges of a flange diverge, and averag- 
ing no longer provides a legitimate indication of true strain. It might 
be expected that this point could be predicted simply by subtracting esti- 
mated deadload strain from yield strain to give test-load strain at the 
commencement of yielding. Following this procedure, expected test load 
strain at first yield would be 1060 pin./in. (1370 - 310). The existence 
of residual stresses, however, introduces a further complication into the 
analysis. Thus, bottom-flange strain averages are reported up to maximum 
test-load strains of 320 to 960 psi. Averages were not taken, and no 
value is reported when the range of the two strains exceeded 10 percent of 
the average. Individual measured strains for each gage are shown in Ap- 
pendix A. 


Midspan deflection for each beam is given in Table 3. Deflection at high 
loads exceeded the range of the displacement measuring devices. A plot of 
deflection versus load in Figure 8 indicates a bilinear relationship with 
the break at a load of about 150 kips. Deflection at failure could not 
be determined, but permanent set after the load was removed exceeded 6 
in. The transverse pattern of deflections was irregular (Fig. 9), but 
this pattern was maintained throughout the range of applied loads. 


End rotations measured at the east and west ends of Beams 2 and 5 are 
shown in Table 4 and Figure 10. It should be noted that end rotations are 
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Table 3. Deflection. 


Line 
Load, 
kips 


Midspan Deflection, in. 





Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 
0.015 0.018) 0-018 2 40016 0.017 
0.098 0.106 OntlOPe Os Log On1n5 
Olgas? Oe223: 45 O22 Cree O22 Ome. 237, 
0.002 0.007 0.013 0.015 0.007 
On255 0.246 OvZ5O peace 0.263 
0.367 0.384 0.392 0.378 0.409 
0.040 050305) (0304055 02040 750.050 
02070 20070 0.080 0.080 0.090 
0.110. ~OPLOOR OREO s > 0512050. 130 
O. 1608 sOeI50 11605 03150;08.0.130 
0.200 0.190 On210% Osz Lor 0.230 
Ok 240 517022300250 Onc Ome OnZod 
0.280 OF2 70 RRO SOO sO eSO0 0.330 
0633072051 On 540 0.340 0.380 
0.380 0.360 0.400 0.400 0.440 
0450 a0. 420% 710.460) £80. 460 | 0.506 
05 530\nee OD O00 nO. 550s Ono 4O0lereO. 590 
0.6108 05570 Or6308 02602055 C670 
0.710 0.660 0.730 Oc 20S O1757.0 
0.830 0.780 0.880 0.850 0.910 
0.960 | 0.900) 1.020 0.980 1.060 
IAN, Te SLOSLO) 5 cally le 7AG, LZ O L210 
1.280 lL 60h V1. 350 12270 1.370 
1.460 e280 (1510 1.400 1.530 
1670 13:70 090 1.490 1.680 
Table 4. End rotation. 
2s Rotation, radians x 10° 
kips 2E 2W 5E 5W 
3 0.000 -0.050 -0.050 -0.050 
26 0.050 -0.050 -0.100 0.050 
39 0.250 -0.100 -0.050 0.250 
52 0.500 -0.050 -0.100 0.550 
65 0.750 0.150 -0.050 0.750 
78 1.000 0.500 -0.250 1.050 
91 17250 0.650 -0.300 1.300 
104 1.600 0.900 0.650 17550 
114 L/D Pes LOM 0.5508 el .o50 
130 22250 E4509 807450 2.350 
143 2.550 C00 0.250 2.950 
153 3.2 50)ee 2. 00) ee 1.500 3.350 
163 32750 22550 1.30077 44050 
179 4.450 3.500 1.050 4.850 
195 5). 450) 4s O50 2, SOOTIA5S..750 
202 6.500) 45750 2, 2008) 462750 
218 7.700 952600 Se OU 7.950 
231 97050: 7 6.550 = 42650 192150 
244 10.650 8.250 5,150 . 10.750 
254 12.050 O10 Oc050 N/A 
267 14.450 12.900 7.650 14.250 
280 18.950 16.350 10.000 18.550 
296 24.050 22900) 413.2507 23.150 
299 30.450 26.350 26.050 29.650 
299 31.850 24.200 39.400 43.450 


Beam 6 
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Figure 8. Midspan deflections. 
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Figure 9. Transverse deflection pattern. 
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Figure 10. End rotation related to line load. 
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very small for loads less than 150 kips but increase rapidly from that 
point. Total relative displacement of the abutments with respect to the 
beams was about 1 in. at maximum load. For loads less than 200 kips read- 
ings indicate that the abutments had moved toward each other by less than 
Vers 


At maximum load, a failure plane in the slab at the interface of the struc- 
tural deck and the wearing surface was evident. Although analysis of the 
test data (as described in this chapter’s next section) indicates that 
these slab elements act compositely at low and intermediate load levels, 
it would be incorrect to include the wearing course in calculation of 
ultimate capacity. 


B. Data Analysis 


The primary objective of this study was to obtain data useful in developing a 
load-rating procedure. Two types of behavior -- composite action between the 
steel and concrete, and moment restraint at the supports -- would result in 
an enhancement in strength estimates of jack-arch bridges. Refinements in the 
estimates of live-load distribution would also be beneficial. The data anal- 
ysis has been directed to quantifying these forms of behavior. 


l. Effective Section 


The effective section resisting load can be determined from the beam 
flange strain data obtained during the failure test. The initial approach 
to defining the effective section assumed full composite behavior and 
determined an effective modular ratio based on the cross-section assumed 
and the measured tension- and compression-flange strains. This approach 
was abandoned when it became clear that even with a 5-in. deck thickness, 
comparisons of the analytical and experimental neutral axis locations were 
inconsistent, regardless of the value assumed for the modular ratio. An 
approach was required that used the physical and geometrical properties of 
the section tested. The process used conceptualizes the total bending 
moment carried as the sum of the moments resisted by the steel beam and 
slab individually, plus a couple formed by the equal and opposite internal 
thrusts acting at the centroids of these elements. Figure 11 shows these 
forces and invariant slab dimensions. The arch radius changed 4.5 in. 
below the crown, and concrete below this level was ignored. In addition 
to assuming a value for the elastic modulus of the concrete (n = 8), it is 
assumed that curvature of the beam and slab are equal and that the beam 
thrust calculated from the measured strains is resisted by an equal but 
opposite thrust in the slab as required for equilibrium. This latter 
assumption is equivalent to assuming that the relative measured displace- 
ments of the beams with respect to the abutments did not result in an 
induced axial beam force. In contrast to ordinary design practice, some 
tension (for this structure up to 500 psi) has been permitted in the con- 
crete. The appropriate relationships are developed in Appendix B. From 
this analysis an effective moment of inertia and the total resisting 
moment at the measured strain level are obtained. This analysis is, of 
course, only valid for elastic strains. 
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Figure 12. Analytical and experimental moments. 
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Data from the first two loadings (Runs 1 through 7) gave erratic results 
that are not believed to be representative of the true structure behavior 
and thus were excluded from the reported results: 


Beam Properties 


Slab t, Flange t, Lote, 


Beam in. in. 1.2 a 

1 11.750 0.62 4800 0.545 
Z 12.375 0.74 5010 0.439 
3 | ie esp iy! i 0.50 4800 0.466 
4 je Pye) 0.63 5180 0.475 
5 13.250 0.74 5510 0.477 
6 12.500 0.71 5350 0.540 


These values are based on data from the final loading of the bridge up to 
the load providing consistent strains on the edges of the tension flange 
(104 kips). The effective inertia can be expressed as 


Tepe = OL, + (1 “ai Mies 


where the subscripts eff, c, and nc stand for effective, composite, and 
non-composite, respectively. 


The results of this analysis can also be used to determine the degree of 
end restraint for this bridge. This is done by comparing statical mid- 
span bending moment with estimated bending moment from the strain anal- 
ysis. This comparison is shown in Figure 12 where it can be seen that the 
experimental moments are linear with increasing load and are always less 
than the statical values. Based on this result, the end moment is esti- 
mated to be 30 percent of the fixed-ended value during the elastic portion 
of the failure test. 


15 


Results 
2. Live Loads 


Tension flange strains measured during live-load testing were converted to 
bending moment, using the effective section properties determined from the 
strain analysis just described. These experimental values were compared 
to the results from a planar-grid analysis. For this analysis the bridge 
was assumed to be fixed end despite the findings from the failure test. 
It is believed that end moment restraint was partially destroyed during 
the first increments of the failure loads. It should be noted that the 
midspan bending moment (assuming a simply supported beam) was only 339 
kip-ft -- a value exceeded between the first and second failure-load incre 
ents. In addition, it has been previously noted that the structure’s be- 
havior under the first increments of failure load was erratic, indicating 
a change in behavior. 


Figure 13 shows experimental and analytical midspan bending moments f 

each load position. In general, the analytical values overestimate oe 
experimental moments, the differences being more prominent on the fas a 
beams. The total experimental moment for each load position (Fi ye 
which theoretically should be constant, varies with load ay pe see 
though this variation is not large, it is Systematic, the total hoe? 
increasing as the load position moves across the width of the structure. 


LM Leaotns ww we ee pw Rm eer er ew te 


Live-load distribution coefficients can be obtained by dividing the beam 
moments by total moment at the cross-section for a particular load posi- 
tion. This structure was so narrow, however, that meaningful values 
cannot be calculated because only one vehicle can be placed at a time. 


Failure loads 


End rotation and centerline deflection data are shown in Figures 15 and 
16, with calculated values based on the elastic properties determined from 
the strain results. Values are shown for a simple span and a span re- 
strained with end moments equal to 30 percent of the fixed-end values. 
For both deformations the restrained solution compares well with the ex- 
perimental values for lower loads, supporting the findings for effective 
inertia and end restraint from the strain analysis. Both deformations 
increase rapidly at a line load of about 150 kips, indicating the initia- 
tion of inelastic behavior. 


Elastic predictions of beam deflections do not compare well with measured 
values on an individual basis. Figure 17 shows this comparison for two 
levels of line load. In general, the analysis overestimates the measured 
values. Transverse variations in experimental deflection are not re- 
flected in the analytical results, suggesting that the observed variation 
is a consequence of loss of transverse rather than longitudinal stiffness. 
Data are insufficient on the possible degradation of concrete properties 
with location in the structure to make a specific estimate of this effect. 
It should be noted that the transverse variations are small with respect 
to the average values. 
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Figure 13. Analytical and experimental live-load moments. 
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Figure 14. Total live-load moments. 
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The deflection comparisons could be improved by increasing the beam stiff- 
nesses, the amount of end restraint, or both, but such adjustments are not 
supported by the strain data. The analytical to experimental bending 
moment comparisons (Fig. 18) also show greater transverse variation in the 
experimental results than are predicted analytically, although these vari- 
ations are not as pronounced as for deflection. Because the total exper- 
imental and analytical moments compare satisfactorily (Fig. 12) it is 
clear that changes in the magnitude of end restraint are unwarranted, 
because this would have a direct effect on the moment comparisons. Re- 
finements in section properties would have only a minor influence on the 
strain-to-moment conversion (increasing the inertia would result in in- 
creased moment), but would tend to reduce transverse variation in the 
analytical results. More importantly, increases in section inertia can 
only be achieved by decreasing the assumed value for the modular ratio, 
and the value assumed (n = 8) is judged to be the smallest resonable value 
for concrete in this condition. Overall comparison of deflection and end 
rotation data to the analytical estimates supports the validity of the 
data analysis procedures used for converting measured strain to bending 
moment and estimating the effective moment of inertia. 


Post-elastic behavior of this structure has not been investigated in 
detail because of the lack of full strain data. Delamination of the deck 
at the interface between the structural and wearing-surface concrete was 
visible at the maximum load. Because of this delamination the wearing 
surface should be ignored when estimating the failure load. It should be 
noted that the maximum load applied to this structure was twice the 
elastic limit load of 150 kips. 
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Figure 15. Line load related to deflection. 
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Figure 16. Line load related to end rotation. 
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Figure 17. Midspan displacement. 
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Figure 18. Midspan bending moment. 
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III. APPLICATION TO LOAD RATING 


The procedures used in this study are theoretically correct and produce re- 
sults consistent with the observed behavior. Nevertheless, these techniques 
bear little resemblance to procedures used in conventional design or load- 
rating practice. It would be unrealistic to expect that a procedure requiring 
calculation of an effective partially composite section would be received with 
enthusiasm by engineers working in a production environment. In addition, 
some criteria would have to be established for maximum allowable concrete 
tension to permit determination of the effective section depth. 


A conventional analysis would compute a tension-flange section modulus based 
on a fully composite section, with tension concrete ignored. For this struc- 
ture the tension-flange strains based on this section and the experimentally 
determined beam moments overestimate the measured strain by only 3 percent. 
Despite this good comparison, it should be realized that stiffness of the 
composite section is at least 25 percent greater than the effective section 
determined from the measured strains. Nevertheless, estimates of induced 
stress based on properties of the composite section produce reliable estimates 
of the true values. This result was also found for the structure tested ear- 
lier. (2% 


The test results show that end restraint equivalent to 30 percent of the fixed- 
end amount was active for loads less than 150 kips (equivalent design load 

with impact = 2.7 HS 20 trucks). For the Indian Lake bridge it was found that 

full fixity was present for loads less than the service load. Thus, estimates 

of structure capacity that ignore these effects will be conservative. Gen- 

eralization of the degree of composite action or the magnitude of end fixity 

is not possible now, and it is not likely that a technically defensible gen- 

eralization could ever be produced regardless of the number of bridge tests 

performed. 


Load ratings for the Mellenville Bridge have been calculated for the H 15, 
HS 20, and the three typical legal load types specified by AASHTO (4). Those 
ratings are based upon the properties of Beam 3 -- the most deteriorated beam 
in the cross-section. No end fixity was assumed in these computations. The 
following table gives load-rating factors for each of these loadings: 


Rating Factors* 


Vehicle Inventory Operating Serviceability 


H 15 J 2.58 3.83 
HS 20 0.92 1.53 2.27 
Type 3 1.26 weed 3.12 
Type 382 1.26 2.11 3.12 
Type 3-3 1.45 2.42 3.58 


*Load factor method using Beam 3 properties. 
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Multiplying the rating factor times the rating vehicle weight gives the struc- 
ture’s load capacity for the specific load type. Note that although the 
inventory rating factor for the HS 20 load is slightly less than unity, post- 


ing of the structure would probably not be necessary in view of the ample 
operating and serviceability ratings. 


IV. CONCLUSION 


Based upon the results of failure tests on two jack-arch bridges, the follow- 
ing conclusions can be made: 


l. 


Assuming full composite behavior results in conservative estimates of 
structure behavior. 


Significant end fixity exists under service load. The effect of this 
moment restraint is to reduce the midspan bending moment estimated for 
a simply supported beam. 


It is not now possible to generalize the prediction of the degree of 
end fixity to other structures. The source of end fixity for the test 
structure has not been determined. 


The test structure remained elastic for loads producing bending mo- 
ments equivalent to 2.7 HS 20 design vehicles (including impact). 


A load rating based upon the most deteriorated member in the cross- 


section indicates that this structure could have been used safely 
without posting. 
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A. Data Analysis Procedures 
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APPENDIX B. DATA ANALYSIS PROCEDURES 


The moment and thrust carried by the steel section can be determined from 
relationships: 


Mp = Ip (92 - 9))/Dp 


Th = Ap (Cy x 92 - C2 x %)/Dp 
where I} = steel beam inertia, 
Ay = steel beam area, 


o = stress determined from the measured strains, 


C = distance from the steel-beam neutral axis to 
the gage location, and 


Dp = distance between the gages. 

Subscripts 1 and 2 refer to the top and bottom flange, respectively. 
For equal curvature of the steel and concrete slab sections 

M, = Mp(Ig/ip) 
and for equilibrium 

Ty + Terso0s 
The total moment is found from 

M.= Ma Mp, ce xe 


where D is the distance between the slab and beam neutral axes. 


the 


(1) 
(2) 


(3) 


(4) 


(5) 


The effective inertia is determined by expressing the equality of curvature 


between the steel beam and the full section. Thus, 
Tareas Mex oy / Meee Oe ere et eu ix, Cin /My). 
The fully composite inertia can be expressed as 
Tai Lio oF AgALDe/ (Ag + oe 


where In, = Ig + Ip- 


(6) 


(7) 


He 


34 Jack-Arch Bridges 


Expressing the effective inertia as 

Tepe = Ie t (D> 8 )tne (8) 
it can be shown that | 

a= (T/Te)(lege/Ie) , (9) 


where T, is the fully composite beam or slab thrust. This latter expression 
is of no use in the present analysis and is given for completeness only. 


A computer program was written to perform the necessary calculations for a 
specific slab thickness. IE,¢¢ is found from the (first expressiom in Eq. 6, 
using M from Eq. 5. Values of ao are found from 


a= (Tore ~ Ine)/ Cig elice (10) 


which is based on Eq. 8. 
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